The septal projection to the hippocampus is considered crucial for the generation and maintenance of hippocampal theta activity and other behavior-related changes in the pattern of elec-trical activity (Petsche et al., 1962; Vanderwolf, 1969; Bland, 1986) . The physiological properties, transmitters, and postsynaptic targets of the septohippocampal pathway are well established (Kiihler et al., 1984; Wainer et al., 1984; Amaral and Kurz, 1985; Freund and Antal, 1988; Stewart and Fox, 1989; Gulyas et al., 1990 ) but much less is known about the hippocampal feedback to the medial septal area. Hippocampal pyramidal cells were shown to innervate the lateral septum (Jakab and Leranth, 1990a,b; Leranth and Frotscher, 1989) which was thought to project to the medial septum, relaying the hippocampal feedback. However, recent tracing studies demonstrated that the lateral septal projection to the medial septum is sparse if it exists at all (Staiger and Ntimberger, 1991; Leranth et al., 1992) . Thus, the direct innervation of the medial septal cells by hippocampal fibers appears to be the sole source of feedback to the medial septum. Alonso and Kijhler (1982) demonstrated that, in contrast to the pyramidal cell projection to the lateral septum, the medial septum was innervated mostly, if not exclusively, by cells in stratum oriens of the CAl-CA3 regions, which appeared to be nonpyramidal according to their morphology and location. However, little is known about the postsynaptic targets and the transmitter of this direct feedback pathway. In an anterograde tracing study, Gaykema et al. (199 1) showed that medial septal cholinergic cells were innervated by hippocamposeptal axons. On the basis of earlier studies (Alonso and Kohler, 1982; Toth and Freund, 1992) the GABAergic nature of this pathway may be predicted. Hippocampal neurons projecting to the medial septum were identified as nonpyramidal on the basis of their laminar distribution (Alonso and Kohler, 1982) dendritic arborization, and strong immunostaining for calbindin D,,, (Toth and Freund, 1992) .
In the present study using anterograde Phaseolus vulgaris leucoagglutinin (PHAL) tracing in combination with postembedding GABA immunostaining, we demonstrate that the transmitter of the hippocampal projection to the medial septum is GABA. Furthermore, we investigated the neurochemical nature of the postsynaptic target cells of this pathway by immunocytochemical double staining for PHAL and parvalbumin (PV; a calcium-binding protein selectively present in GABAergic septal projection neurons), and PHAL and ChAT (the synthesizing enzyme of ACh). The existence of monosynaptic input from hippocampal axons to septohippocampal neurons was also examined with a combination of anterograde PHAL and retrograde HRP tracing. The tracer was iontophoresed, using the protocol of Gerfen and Sawchenko (1984) into the dorsal hippocampus under deep Equithesin anesthesia (chlomembutal, 0.3 ml/100 gm) at the following coordinates aiming at stratum oriens ofthe CA1 region: 3.2 mm and 4 mm posterior to the bregma; 1 mm, 2 mm, and 3 mm lateral to the midline; and 2.3 mm or 2.6 mm below the pial surface (six sites). Retrograde transport of horseradish peroxidase (HRP, 20% in saline) was used to visualize septohippocampal neurons. The ventral hippocampus was injected at four sites in the same hemisphere as with PHAL at the following coordinates: 4.2 mm and 4.6 mm posterior to the bregma, 4.6 mm lateral to the midline, and 7 mm and 7.4 mm below the pial surface. A volume of 250-300 nl of the HRP solution was injected at each site in each animal by pressure through a glass capillary, which was left in place for 15 min to prevent the spread of the tracer back along the capillary track.
Seven days after the PHAL, and 3 d after the HRP injection, the animals were anesthetized again with Equithesin and perfused first with physiological saline (1 min) and then with a fixative containing (1) 1% glutaraldehyde, 2% paraformaldehyde, and 0.2% picric acid in 0.1 M phosphate buffer (PB) for the anterograde tracing study, or (2) 0.1% glutaraldehyde, 4% paraformaldehyde, and 0.2% picric acid in 0.1 M PB for the combined anterograde-retrograde tracing and choline acetyltransferase (ChAT) or parvalbumin (PV) immunocytochemical study, for 30 min. The brains were removed, and the septal region and the hippocampus were dissected and postfixed in the same fixative for 30 min to 2 hr.
Horseradish peroxidase histochemistry and double immunocytochemistry. Vibratome sections (60 pm thick) were cut from the septal region and the injection sites, and the sections were washed in 0.1 M PB (pH 7.4) for 5 x 30 min. The sections for electron microscopy were immersed in 10% and 30% sucrose, freeze-thawed in liquid nitrogen, extensively washed in 0.1 M PB, and processed for immunocytochemistry.
In sections of the HRP tracing experiment, the transported HRP was visualized using nickel-intensified 3,3'-diaminobenzidine (DAB; Sigma) as a chromogen (Hancock, 1982) . These sections were processed further to visualize PV or ChAT and PHAL by immunocytochemistry.
For double immunocytochemistry the sections were treated with the following solutions: 10% normal goat serum (NGS) for 1 hr, a mixture of biotinylated anti-PHAL (Vector Labs, Burlingame, CA; 1:200) and polyclonal antiparvalbumin (Bairnbridge and Miller, 1982) (1: 1000) or polyclonal anti-ChAT (Bruce et al., 1985) (1:200) for 2 d, or anti-PHAL alone for the anterograde study. This was followed by incubation in a mixture of avidin-biotinylated horseradish peroxidase complex (1: 100; Elite ABC, Vector Labs) and goat anti-rabbit IgG (1:50; ICN, Costa Mesa, CA) for 6 hr. The first immunoperoxidase reaction (for PHAL) was developed using DAB as a substrate intensified with ammonium nickel sulfate (black reaction product; Hancock, 1982) . The third layer (12 hr) was rabbit peroxidase-antiperoxidase complex (1: 100; Dakopatts, Glostrup, Denmark). The second immunoreaction was developed with DAB alone (brown reaction product). All the washing and dilution of antisera were in 50 mM Tris-buffered saline (TBS) containing 1% NGS and 0.5% Triton X-100. Triton X-100 was omitted when sections were processed for electron microscopy. When only PHAL was visualized, DAB was used instead of DAB-N?+ to avoid possible nonspecific colloidal gold labeling during the postembedding GABA immunostaining. The sections for light microscopy were mounted on gelatin-coated slides, dried, immersed in xylene, and embedded in XAM (BDH, Poole, England) neutral medium. Other sections were processed according to the electron microscopic protocol. Following osmium tetroxide treatment (1% 0~0, in 0.1 M PB for 45 min) the sections were dehydrated in ascending ethanol series (1% uranyl acetate was included in the 70% ethanol step for 40 min) and propylene oxide, and embedded in Durcupan (ACM, Fluka).
Postembedding immunogold staining for GABA. From the material of the anterograde study, alternate ultrathin sections were mounted on copper and nickel grids and postembedding GABA immunostaining was carried out on the nickel grids. The steps were made on droplets of solutions in humid Petri dishes as described earlier (Somogyi and Hodgson, 1985) , briefly, 1% periodic acid (H,IO,) for 10 min; wash in distilled water; 2% sodium metaperiodate (NaIO,) for 10 min; wash in distilled water; 3 x 10 min in TBS containing 1% NGS; 1.5 hr in rabbit anti-GABA antiserum (Hodgson et al., 1985) diluted 1:3000 in NGS/ TBS; 2 x 10 min in TBS; 10 min in TBS containing 1% bovine serum albumin, 0.05% Tween 20, and 1% NGS; 2 hr in goat anti-rabbit IgGcoated colloidal gold (15 nm, Amersham 1: 10) diluted in the same solution as before; 2 x 5 min wash in distilled water; 30 min in saturated uranyl acetate; wash in distilled water; staining with lead citrate; wash in distilled water.
Controls. The specificity of the antiserum, including adsorption controls, has been described by Hodgson et al. (1985) . In the present experiments the controls included replacement of the primary antiserum with normal rabbit serum (1: 1000) and the same protocol was carried out. No accumulation of gold particles was observed over any profiles (either PHAL labeled or not), only a homogeneous background was visible on these control sections.
Results
Location of PHAL and HRP injection sites PHAL was injected in each animal at six sites in one hemisphere.
Examination
of the injection sites revealed a strong labeling within the CA1 region of the hippocampus, centered in strata pyramidale and ot-iens, and in two rats the CA3 region and the dentate gyrus were injected as well. Both pyramidal and nonpyramidal cells were labeled (Fig. 1) . The HRP injections were made into the ventral hippocampus to avoid extensive overlaps with the PHAL injection site. The center of the injection was in the CA3 region and in the dentate gyrus, whereas in five rats the CA1 region was labeled as well. Distribution of PHAL-labeled hippocampal axons in the medial septum-diagonal band complex PHAL-labeled axons were found in the lateral septum and in the medial septum-diagonal band of Broca (ms-dbB) complex. The distribution of the labeled hippocamposeptal fibers ( Fig. 1 ) was similar to that described earlier (Swanson and Cowan, 1977; Gaykema et al., 199 1) . A network of thin fibers possessing several small varicosities was observed in the lateral septal area. These axons are known to originate from hippocampal pyramidal cells (Leranth and Frotscher, 1989; Jakab and Leranth, 1990a,b) .
PHAL-labeled axons in the ms-dbB complex were considerably thicker and formed large en passant varicosities. On the basis of earlier studies (Alonso and KGhler, 1982; T&h and Freund, 1992) , axons terminating in this region are likely to originate from hippocampal nonpyramidal cells. Thick main axons ran mostly vertically through the medial septum, and frequently emitted thinner, bouton-laden collaterals that either turned laterally and ended within a hundred micrometers, or turned vertically and ran parallel with the main axons. Occasionally, side branches were seen to form basketlike arrays of large boutons around unstained cell bodies. At the border of the horizontal and vertical limbs of the diagonal band, an ovalshaped dense network of PHAL-labeled fibers was consistently observed, with several large boutons intermingled with densely packed cell bodies.
GABA immunoreactivity
and postsynaptic targets of hippocampal aflerents in the medial septum Tissue blocks of the ms-dbB complex containing PHAL-labeled boutons were reembedded and a total of 55 boutons were serially sectioned and reconstructed in the electron microscope. Alter- Figure I . A, Low-power light micrograph of three PHAL injection sites in the CA1 region of the hippocampus centered in strata pyramidale and oriens, which labeled the entire dendritic tree of pyramidal cells extending down to the hippocampal fissure. B and C, At higher magnification PHAL-filled pyramidal as well as nonpyramidal cells (arrows) in stratum oriens are visible. 0, Distribution of PHAL-labeled axons in the septal region is illustrated by a camera lucida drawing (2 adjacent sections superimposed). h, hilus; s.o., stratum oriens; s.p., stratum pyramidale; LV, lateral ventricle; LS, lateral septum; MS, medial septum; DB, diagonal band of Broca. Scale bars: A, 400 pm; B and C, 100 urn. nate grids were immunostained for GABA using the immunogold procedure.
All examined axon terminals were found to establish symmetrical synaptic contacts with their postsynaptic targets (Fig. 2) . The majority of these targets (93%) were dendritic shafts ( Fig. 2A,B) , and occasionally cell bodies (Figs. 3,   4 ) and spines. Most of the postsynaptic dendrites were varicose and could receive hippocampal synapses onto their large-diameter as well as inter-varicose segments. They contained large mitochondria and received other symmetric and asymmetric synapses. The inter-varicose segments were difficult to distinguish from dendritic spines in cross sections, although the accumulation of regularly spaced microtubules, which were occasionally visible, suggested that they were dendritic shafts (intervaricose segments) rather than spines. None of the target profiles contained a spine apparatus.
On alternate grids the GABA immunoreactivity ofthe PHAL- labeled boutons and of their postsynaptic targets has been examined. The profiles that definitely lack GABA in this region are the axon terminals making asymmetric synapses, and therefore these profiles served as controls to determine the background level. Any boutons (whether PHAL labeled or not) were considered GABA positive if they showed a gold particle density at least five times that of the asymmetric synaptic boutons (asymmetric synaptic boutons are indicated on each electron micrograph to facilitate comparison). For the majority of PHALlabeled boutons a precise quantification was unnecessary, since the difference from background was usually more than 10 times, but in questionable cases we have used the above method. In addition, serial sections ofthe same PHAL-labeled boutons were examined to confirm that their GABA positivity is consistent from section to section. The majority (94%) of the PHAL-labeled hippocampal boutons were immunoreactive for GABA (Figs. 4, 5) . The remaining terminals (6%) were probably false negative, since they did not contain mitochondria. In PHALlabeled boutons most of the colloidal gold labeling is found over mitochondria, since the preembedding immunoperoxidase reaction product does not penetrate into these organelles, and therefore GABA immunoreactivity is not masked. Postsynaptic targets of the PHAL-labeled hippocamposeptal boutons were either negative for GABA or labeled at background level. The equivocal staining of ms-dbB neurons for GABA was expected, since without the use of colchicine the somatic level of GABA in the GABAergic neurons with distant projections is below the sensitivity threshold of immunocytochemistry (Onteniente et al., 1986) . This specific but weak and unpredictable labeling of GABAergic somata and dendrites is the reason why labeling of these profiles was never used as an indication of background level (see Discussion). To characterize further and identify the postsynaptic targets of hippocamposeptal afferents, we combined anterograde PHAL tracing with immunostaining for PV or ChAT, and retrograde HRP transport.
Distribution of PV-and ChAT-immunoreactive cells and retrogradely labeled septohippocampal neurons
The distribution of the retrogradely HRP-labeled cells was unilateral, the vast majority of them being found in the injected hemisphere. HRP-labeled cells were present in the medial septum and in the vertical and horizontal limbs of the diagonal band, with highest numbers in the medial septum (Fig. 6,~) .
The distribution of PV-and ChAT-immunoreactive cells was similar to that described earlier (Bairnbridge et al., 1982; Sofroniew et al., 1982; Cue110 and Sofroniew, 1984; Wainer et al., 1984; Amaral and Kurz, 1985; Heizmann and Celio, 1987; Kiss et al., 1990a,b) . ChAT-positive neurons were found in large numbers throughout the medial septum mainly lateral to the midline. In the diagonal band of Broca they formed an ovalshaped circle with a center zone poor in immunoreactive cells and processes (Fig. 7A,B) . The center of this circle was occupied by densely packed cell bodies and processes of PV-positive neurons (Kiss et al., 1990b) , as shown with double immunostaining in Figure 7B . The morphological appearance of the ChAT-and PV-immunoreactive cells was similar. PV-containing cells were observed close to the midline of the medial septum, medial from the groups of cholinergic neurons, and present in all parts of the diagonal band, forming a cell group surrounded by ChATpositive neurons. PV-immunoreactive cells in the medial septurn were mainly medium-sized with elongated shape, oriented in parallel with the dorsoventral axis. The PV-positive neurons in the diagonal band were relatively large and had a multipolar or oval shape oriented parallel with the main fiber bundles.
Innervation of PV-and CUT-immunoreactive cells and retrogradely labeled septohippocampal neurons by hippocamposeptaljbers The examination of septal sections double stained for PHAL and PV or ChAT revealed that both PV-and ChAT-immunoreactive cells were among the targets of the hippocamposeptal neurons in the ms-dbB complex but with a remarkably different Fig.  3B ) is shown here at high power to form a symmetric synaptic contact (arrow) with the soma of the cell. B, Another section of the same PHAL-labeled bouton is shown to facilitate correlation with other three sections of the same bouton farther away in the series of sections, which were stained for GABA using the immunogold procedure. C-E, Neighboring ultrathin sections immunostained for GABA demonstrate that the PHAL-labeled bouton (b,) is immunoreactive for GABA, as indicated by the accumulation of colloidal gold particles. Other GABA-positive profiles (small asterisks) and GABA-negative axon terminals, myelinated axons, and dendrites (large asterisks) are also indicated. The postsynaptic cell body also shows some degree of colloidal gold labeling. Note that the PHAL-labeled boutons lose their electron density during the postembedding immunostaining procedure. Scale bars: A and B, 0.5 pm; C-E, 1 pm. frequency. Hippocamposeptal axons formed multiple contacts as well. Only the number of PV-or ChAT-positive cells receivwith cell bodies and dendrites of mostly PV-positive (Fig. 7C- ing multiple contacts was quantified, since single light micro-H) but occasionally also with ChAT-positive neurons (Fig. 71,J) . scopically identified contacts often turn out to lack a synaptic Single contacts were frequently found on ChAT-positive cells specialization between the labeled profiles, the labeled bouton synapsing onto another unstained profile. In contrast, multiple contacts between labeled profiles always proved to be synaptic in the electron microscope (see, e.g., Gulyas et al., 1990) . Cell counts were made from four sections of two animals for both ChAT and PV, at similar rostrocaudal levels. In the medial septum 39 PV-containing cells and 9 ChAT-immunopositive neurons, compared to 42 PV-positive and 8 ChAT-positive neurons in the diagonal band, were innervated by the PHAL-labeled hippocamposeptal fibers in a basket-like fashion. These quantitative data supported our qualitative observations; that is, in the center of the oval-shaped ring formed by ChAT-positive neurons in the vertical limb of the diagonal band, the dense arborization of the hippocamposeptal fibers coincided with a high packing density of PV-positive cells (Fig. 7A,B) . Similarly, in the medial septum, the area medial to the cholinergic cell groups was rich in PHAL-labeled fibers, coinciding with the distribution of PV-positive cells.
Injections of HRP into the ventral hippocampus resulted in the retrograde labeling of several neurons in the ms-dbB complex ipsilateral to the injections (Fig. 6A) . The same septal sections were also immunostained for PV or ChAT, and the retrogradely labeled cells were identified in this way as cholinergic or GABAergic. The granular reaction end product of the retrogradely transported HRP (black) was clearly distinguishable from the homogeneous brown immunoperoxidase staining ( Fig.   6B-D) .
Examination of the retrogradely labeled cells showed that some of them received multiple contacts from PHAL-labeled hippocamposeptal fibers, providing evidence for a direct hippocampal input to septohippocampal neurons (Fig. 7F-J) . Both PV-and ChAT-immunoreactive retrogradely labeled neurons were among the targets of the hippocamposeptal fibers, but the former were far more numerous.
Discussion
In the present study we demonstrated that (1) the majority of PHAL-labeled hippocampal fibers in the ms-dbB complex are GABAergic and form symmetrical synaptic contacts mostly with dendritic profiles and cell bodies, (2) the majority of the anterogradely labeled hippocamposeptal axons innervated PV-containing cells but a smaller number of contacts were found also on ChAT-immunoreactive neurons in the ms-dbB complex, and (3) the PHAL-labeled axons formed multiple contacts also with retrogradely HRP-labeled cells, providing evidence for a direct hippocamposeptal input to septohippocampal neurons.
Distribution of hippocamposeptal axons
It has been shown in earlier studies that hippocampal neurons are projecting to the lateral as well as to the medial septal area (Raisman, 1966; Swanson and Cowan, 1979; Alonso and Kijhler, 1982; Leranth and Frotscher, 1989; Gaykema et al., 199 1) . Our findings support and extend these data concerning the origin, morphological features, and transmitter content of these projections. Hippocampal axons terminating in the lateral septum are known to originate from pyramidal cells (Swanson and Cowan, 1979; Leranth and Frotscher, 1989; Jakab and Leranth, 1990b) . The morphological features of the labeled axons in the lateral septum were different from fibers arborizing in the msdbB complex. The former were thin and studded with small boutons that form asymmetric synapses (Jakab and Leranth, 1990b) , whereas the latter were thick with large varicosities, forming symmetrical synapses (present results). Neurons in stratum oriens of the hippocampus with morphological features and location characteristic of nonpyramidal cells were found to be responsible for the projection to the medial septum (Alonso and Kiihler, 1982) , and the majority of these neurons were later shown to belong to the calbindin-containing subpopulation in stratum oriens (T&h and Freund, 1992) .
PHAL-labeled hippocampal axons in the ms-dbB complex are immunoreactive for GABA
In the present study we provided direct evidence that almost all (94%) of the hippocampal axons terminating in the ms-dbB complex were GABAergic and only a small proportion (6%) of the labeled boutons were found to be GABA negative. However, none of the GABA-negative terminals contained mitochondria in the immunostained sections, and the strongest immunogoldstaining for GABA is known to occur over mitochondria (Somogyi and Hodgson, 1985; Somogyi and Soltesz, 1986) . These GABA-negative terminals also formed symmetric synaptic contacts, unlike those in the lateral septum, suggesting that their staining may be false negative. A preferential transport of PHAL by GABAergic neurons has been suggested for septohippocampal neurons in the rat (Freund and Antal, 1988; Freund, 1989) and monkey (GulyBs et al., 1991) and for GABAergic basket cells in the cat neocortex (A. I. Gulyis, T. P. Freund, and Z. F. KisvBrday, unpublished observations). We cannot exclude the possibility that this kind of preferential labeling occurred in this study as well, although the strong labeling of pyramidal cell t Figure 7 . A, Double immunostaining for ChAT (brown, DAB) and PHAL (black, DAB-N?+ ) in the vertical limb of the diagonal band of Broca. ChAT-positive neurons (arrows) form a characteristic oval circle. The majority of the PHAL-labeled hippocampal axons (arrowheads) are arborizing within this circle, where the density of ChAT-positive cells and processes is very low. B, The same region of the vertical limb as in A is shown here immunostained for PV (in brown, white arrows) and ChAT (in blue, black arrows). This photograph was taken from an earlier material and the procedure is described there (Kiss et al., 1990b) . Note that the PV-immunopositive cells occupy the middle of the circle formed by the ChATpositive cells, coinciding with the distribution of PHAL-labeled hippocamposeptal axons (shown in A). C, The same area, the center of the circle, is shown at higher magnification, immunostained for PV (in brown) and PHAL (in black). Afferent axons originating in the hippocampus (PHAL labeled) form multiple contacts with PV-immunoreactive cell bodies (arrowheads) and processes. D and E, PHAL-labeled hippocamposeptal axons are forming multiple contacts (arrows) with PV-immunoreactive cells in the medial septum. F and G, Retrograde HRP-labeling (black granules labeled with small white arrows) is present in PV-containing cells in the medial septum, which receive multiple contacts (arrows) from PHALlabeled afferents, providing evidence for a direct hippocamposeptal input to PV-positive septohippocampal neurons. H, PHAL-labeled boutons (b,, b,) circuit. The cholinergic septohippocampal (ChA7') neurons are the least target selective; they innervate mainly principal cells but also interneurons in the hippocampus (Frotscher and L&mth, 1985) . The GABAergic (PV-containing) septohippocampal neurons (PV, GABA) have local collaterals establishing multiple contacts with both cholinergic and GABAergic septal neurons and, more importantly, they selectively innervate several types of GABAergic interneurons in the hippocampus, including the calbindin D,,, (CuBP)-containing cells in stratum oriens of CA l-CA3 (Freund and Antal, 1988) . The CaBP-containing nonpyramidal cells in stratum oriens-probably receiving a highly convergent excitatory input from local collaterals of pyramidal cells (which in CA1 arborize exclusively in this layer)-are those responsible for the hippocampal GABAergic input to the medial septum, where their major targets are the PV-containing GABAergic neurons, but they also contact the cholinergic cells (T6th and Freund, 1992; present results) . The pyramidal cell projection from the hippocampus terminates exclusively on lateral septal neurons, which apparently do not send a significant projection to the medial septum (Staiger and Niimberger, 199 1; Leranth et al., 1992) . Thus, activity in the GABAergic septohippocampal pathway would induce, via disinhibition, an increased and synchronized firing of hippocampal pyramidal neurons, which is likely to result in activation, via local collaterals, of CaBPcontaining GABAergic neurons in stratum oriens. These neurons, in turn, would inhibit the GABAergic (PV-containing) septohippocampal neurons, which were the source of disinhibition in the hippocampus. The cholinergic facilitation of hippocampal principal cells is also under a direct, although probably less effective, control of the hippocampal GABAergic feedback. axons projecting to the lateral septum makes this assumption highly unlikely. Thus, we conclude that most if not all hippocampal neurons projecting directly to the ms-dbB complex are GABAergic.
The GABA immunoreactivity of the postsynaptic targets was equivocal. Previous studies have shown that the level of GABA in GABAergic cells with distant projection (e.g., in Purkinje cells, septohippocampal cells, striatonigral cells) is usually below the threshold of immunocytochemical detection (Panula et al., 1984; Somogyi et al., 1985; Brashear et al., 1986; Onteniente et al., 1986) . Therefore, we used PV immunostaining for the identification of GABAergic projection neurons in the ms-dbB complex, as this calcium-binding protein was shown to be selectively present in the GABAergic component of the septohippocampal pathway (Freund, 1989) .
Termination of hippocamposeptal axons on identiJied neurons in the ms-dbB complex It has been shown in an earlier light microscopic study (Gaykema et al., 199 1) that ChAT-positive neurons are among those contacted by hippocampal axons. However, the present study demonstrates that the majority of the PHAL-labeled axons terminate on PV-immunoreactive neurons in the ms-dbB complex and only a small proportion of the target cells is cholinergic. The PV-immunoreactive septal neurons are known to be GABAergic (Freund, 1989) and to form a cell group with a characteristic distribution, complementary to that of the cholinergic neurons (Kiss et al., 1990a,b) . No coexistence between PV and ChAT has so far been found in the ms-dbB complex (Kiss et al., 1990a,b) . The PV-containing cell groups in the medial septum are always more medial than the ChAT-positive groups, but the separation is most remarkable in the diagonal band, where ChAT-positive neurons form a ring around a large group of PV-positive cells. This is the area where the preferential innervation of PV-containing neurons is the most striking (see Fig. 7 ,4-C). In an anterograde study neurons of this region (probably both cholinergic and GABAergic) were shown to innervate the hippocampal formation, most densely the dorsal CA1 region and the dorsal dentate gyrus (Nyakas et al., 1987) .
Septohippocampal neurons receive monosynaptic feedback from hippocampal nonpyramidal cells Earlier studies demonstrated that the septohippocampal cells are found throughout the ms-dbB complex (Meibach and Siegel, 1977; Milner et al., 1983; Amaral and Kurz, 1985; Kiss et al., 1990b) . Both the septohippocampal and the hippocamposeptal pathways exhibit some degree of topography (Segal and Landis, 1974; Meibach and Siegel, 1977; Gaykema et al., 1991) , and the most medially located septal cells innervate the dorsal hippocampus, whereas more lateral parts of the area send fibers mainly to the ventral hippocampus. Due to this topography we cannot provide a reliable estimate of the relative number of septohippocampal cells innervated by hippocampal axons, but we provided evidence, at the light microscopic level, for the existence of such a connection. In several cases the contacts were multiple, which, even without electron microscopic confirmation, can be taken as evidence for synapses.
Functional implications
The role of the septohippocampal pathway in the generation and maintenance of hippocampal theta activity is well established (Petsche et al., 1962; Traub et al., 1992) . The cholinergic component of this projection has been considered crucial for this function (Vanderwolf, 197 l) , but in recent studies the GABAergic component was also suggested to be essential (Stewart and Fox, 1989; Smythe et al., 1990) . Several lines of indirect evidence suggest that the GABAergic septohippocampal pathway is crucial also for the generation of hippocampal sharp waves, since the septal input is likely to produce a profound disinhibition and rapid synchronization of hippocampal principal cells (Freund and Antal, 1988; BuzsBki, 1989) . However, the neuronal circuits and transmitters relaying hippocampal feedback to the medial septal projection neurons were largely unknown. Recent studies demonstrated that the lateral septal projection to the medial septum, which was thought to mediate the hippocampal input, is sparse if it exists at all (Staiger and Ntimberger, 199 1; Leranth et al., 1992) . The major targets of the lateral septum, instead, include hypothalamic areas and the amygdala (Leranth et al., 1992) . The hippocampal pyramidal and nonpyramidal projection neurons innervate different parts of the septal region; pyramidal cells project to the lateral septum (Swanson and Cowan, 1979; Joels and Urban, 1984; Stevens and Cotman, 1986; Leranth and Frotscher, 1989; Jakab and Leranth, 1990a) , and the medial septal region is innervated by nonpyramidal (calbindin-containing, GABAergic) neurons (Alonso and Kohler, 1982; Tbth and Freund, 1992; present results) . Thus, the hippocampo-medial septal pathway is likely to be important since it is the sole route for the hippocampal feedback regulation of the septal region containing septohippocampal neurons.
The identification of the synaptic organization of the septohippocampo-septal circuit (Fig. 8 ) allows us to propose the following mechanism for reciprocal regulation in this loop. The calbindin-containing nonpyramidal cells in stratum oriens of CA 1, which are the major source of GABAergic input to the medial septal neurons, are likely to receive-in addition to inputs from CA3-a highly convergent input from the relatively sparse local collaterals of pyramidal cells known to arborize predominantly in this layer (Lorente de No, 1934) . One may speculate that if these nonpyramidal cells had a high firing threshold, then they will be activated only if pyramidal cell discharges reach a high degree of synchrony. It is important to note here that the majority ofelectrophysiological data available about nonpyramidal cells are likely to derive from the fast-firing neurons, which have a low firing threshold, high spontaneous activity, and contain the calcium-binding protein PV (Kawaguchi and Hama, 1987; Kawaguchi et al., 1987; Lacaille et al., 1987; Lacaille and Williams, 1990; Lacaille, 199 1) . However, PV-containing cells do not participate in the hippocamposeptal projection (Toth and Freund, 1992) . The only regions in the hippocampus where nonpyramidal cells definitely lacking PV can be reliably recorded from are strata radiatum and lacunosum moleculare, where PV-positive cell bodies are absent (Gulyas et al., 1991) . Interneurons in these layers show electrophysiological features strikingly different from those of PV-positive neurons; that is, they are difficult to activate by afferent stimulation and have low if any spontaneous activity and broad action potentials (Kawaguchi and Hama, 1988; Lacaille and Schwartzkroin, 1988) . A high proportion of the neurons in these layers contain calbindin (Gulyas et al., 1991) , similar to the nonpyramidal cells that project to the medial septum from stratum oriens (Toth and Freund, 1992) . During in vivo extracellular recordings aiming for interneurons, the spontaneously active, fast-firing PV-positive neurons will be picked up in the majority of cases and these PV-containing neurons, which do not participate in the feedback projection to the medial septum, may correspond to the theta cells. Other types of interneurons (including the hippocamposeptal calbindin-containing cells)-which may have occasionally been misclassified as pyramidal cells in extracellular recordings and therefore have not been characterized-are likely to show low firing rates during theta activity, and to discharge synchronously with large pyramidal cell populations during sharp waves. The rapid synchronization shown to occur during sharp waves (Buzsaki et al., 1983; Buzsaki, 1989) may take place as a result of GABAergic septohippocampal disinhibition (Freund and Antal, 1988) . The GABAergic (PVcontaining) septal neurons responsible for the hippocampal disinhibition will then be silenced by the hippocamposeptal GABAergic feedback.
It should be noted, however, that the proposed interactions apply if GABA at all these connections is inhibitory (but see Michelson and Wong, 199 1) . The circuit interactions proposed above would ensure the rapid termination of the septal generation of hippocampal population synchrony, and provide the essential time lag between hippocampal sharp waves. The low level of activity of CA l-CA3 pyramidal cells observed during theta activity (Buzsaki et al., 1983) may be insufficient for the activation of hippocamposeptal nonpyramidal cells. During this state hippocampal pyramidal cells may still be able to activate lateral septal neurons projecting to hypothalamic areas and the amygdala, without interfering with the septohippocampal pacemaker activity. Thus, we speculate that the direct hippocampal (GABAergic) feedback to medial septal projection neurons is activated mostly during non-theta behaviors and controls septohippocampal disinhibition as a function of hippocampal synchrony.
